Abstract-Standard ultrasound imaging techniques rely on sweeping a focused beam across a field of view; however, outside the transmission focal depth, image resolution and contrast are degraded. High-quality deep tissue in vivo imaging requires focusing the emitted field at multiple depths, yielding highresolution and high-contrast ultrasound images but at the expense of a loss in frame rate. Recent developments in ultrasound technologies have led to user-programmable systems, which enable real-time dynamic control over the phase and apodization of each individual element in the imaging array. In this paper, we present a practical implementation of a method to achieve simultaneous axial multifoci using a single acoustical transmission. Our practical approach relies on the superposition of axial multifoci waveforms in a single transmission. The delay in transmission between different elements is set such that pulses constructively interfere at multiple focal depths. The proposed method achieves lateral resolution similar to successive focusing, but with an enhanced frame rate. The proposed method uses standard dynamic receive beamforming, identical to two-way focusing, and does not require additional postprocessing. Thus, the method can be implemented in real time on programmable ultrasound systems that allow different excitation signals for each element. The proposed method is described analytically and validated by laboratory experiments in phantoms and ex vivo biological samples.
and the penetration depth compared to one-way focusing, where a planar wave illuminates the entire field and is focused only on reception [4] . With a single transmission focus, the signal diverges outside of the focal region thus, the lateral resolution and contrast of an object outside the depth of field (DOF) is significantly degraded. The term "standard twoway focusing" is used in this paper for protocols involving a single transmission focus with dynamic receive focusing.
To image a larger DOF, successive focusing is often used, where the transmission focal depth is updated successively with several transmissions [5] . A complete image is constructed by splicing together the focused area from each of the individual transmissions. While this method yields highresolution and contrast, and is widely used in the clinic, it comes at the expense of frame rate loss, which is degraded by a factor that equals the number of transmitted foci. Typically, up to four successive foci are used. An ultrasound method that can provide high lateral resolution over a large DOF with enhanced frame rate is desirable for important medical applications including the detection of anatomical landmarks, ultrasound-guided interventions, fetal surgeries [6] , [7] , and cardiovascular interventions [8] . Other possible applications are to map tumor borders and layers of peripheral vascular walls, and to detect changes in musculoskeletal tissues resulting from arthritis and other degenerative processes.
In this paper, temporal superposition of axial multifoci waveforms is used to achieve simultaneous axial multifoci imaging (SAMI) using a single transmission event. The proposed method aims to maximize the amplitude of the emitted signal, as well as the lateral and axial resolution. This is accomplished with a programmable ultrasound system (Verasonics Vantage, Kirkland, WA, USA) that can dynamically change the transmitted signal for each transducer element separately [9] , [10] . A waveform that generates an axial multifoci pattern in a single transmission event is used and then incorporated in a standard two-way imaging sequence. The resulting image resolution is comparable to standard successive focusing but without the frame rate loss. The method is expected to be important for the increasing population of large patients for whom standard ultrasound imaging techniques are insufficient and increased frame rate is desired. Furthermore, the extended DOF achieved here can be applied in cardiac applications.
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imaging [11] , [12] . Similarly, the direct temporal summation of multiple waveforms was suggested in [13] . To our knowledge, these methods were previously implemented for lateral multifoci, but not for generating axial multifoci. When generating lateral multifoci, only a single or a few central elements are common to all the transmitted waveforms, and overlap in the time domain. However, the axial multifoci waveforms temporal overlap is over a large number of elements, and thus the multiline method cannot be directly implemented to generate axial multifoci, as will be further described in Section II. To our knowledge, the SAMI method is the first demonstrated implementation of axial multifoci in a single transmit event.
Extending the DOF is a well-known goal that was addressed by several reported methods but existing methods sacrifice lateral resolution, contrast, or frame rate. The first category of methods increases the DOF without compromising the lateral resolution, but at the expense of reduced contrast. Among these methods is the synthetic transmit aperture (SA) method. This method yields the highest DOF by sampling data corresponding to different transmission elements or subapertures [14] [15] [16] . However, the uncoded SA transmission involves a single or small number of elements, and thus the SNR is significantly reduced compared to two-way focusing. Improved SA methods that are aimed to increase the signal intensity exist [17] [18] [19] [20] [21] ; however, they require substantial postprocessing, which can limit their use for real-time ultrasound imaging.
Beam shaping algorithms to generate axial multifoci, such as the conjugate field method [22] , the pseudoinverse method [23] , and the Gerchberg-Saxton phase retrieval algorithm [24] , can also extend the DOF with high lateral resolution. However, the intensity of each foci is reduced by a factor that equals to the number of foci, which degrades the contrast.
Frequency multiplexing enhances DOF by transmitting a multifrequency single broadband pulse that is composed of higher frequency components focused at shallow depths, lower frequency components focused at deeper depths, and intermediate frequencies focused at intermediate depths [25] , [26] . While this method yields a higher DOF, the signal amplitude is degraded both on transmit and on receive. Parallel transmit beamforming by orthogonal frequency division multiplexing [27] , [28] can also be used for extending the DOF. However, orthogonal codes degrade the axial resolution and require additional postprocessing on receive.
Coherent compounding of angled plane waves [29] is a method that yields a contrast comparable to successive focusing over a large region of interest, at the expense of reduced lateral resolution compared to successive focusing when full aperture is used to generate each foci. In addition, the penetration depth is reduced compared to successive focusing. Further improvement to coherent compounding can be made using elaborate receive techniques [30] . Although useful, this method requires limited-diffraction array beam weightings on receive and additional postprocessing, therefore, increasing the computational complexity.
The DOF can also be enhanced using nondiffracting beams such as axicon beam [31] , Bessel beam [32] , and X waves [33] .
However, in these methods the DOF enhancement is obtained at the expense of the lateral resolution that is degraded significantly, alongside with reduced focal energy. Consequently, these beams have received limited commercial application.
Successive focusing remains the dominant ultrasound imaging modality due to its compatibility with commercial systems, and high contrast and SNR. The SAMI method proposed here is aimed to enhance the frame rate by using a single transmission event to generate axial multifoci, with high lateral resolution. This paper is organized as follows; the design of the transmitted signal is presented first. Then, the method is validated using wire targets and cysts target, and its performance is characterized through contrast and resolution measurements. Finally, the method is validated in an ex vivo biological sample.
II. DESIGN OF THE TRANSMISSION SIGNAL
The proposed method is based on combining waveforms that correspond to different axial foci. An example of the time delays for a standard single focus transmission is presented in Fig. 1(a) . Each element transmits a single cycle pulse at a specific time point. The delay in transmission between different elements is set such that all the pulses will interfere constructively at a predetermined location. The longest delay dictates the transmission duration. Since each element transmits only a single cycle, its signal is zero throughout most of the transmission duration, and therefore, the time domain is not used efficiently.
The multiline transmit method uses the time domain more efficiently by transmitting multiple waveforms that correspond to lateral multifoci in a single transmit event. An example of this method is presented in Fig. 1(b) , where three lateral foci are transmitted simultaneously. The arched waveform shapes that correspond to lateral multifoci yield an overlap between the waveforms that is limited to only one or few central elements.
Trying to implement the multiline method for axial multifoci results in a significant overlapping area, indicated by the purple rectangle in Fig. 1(c) . The overlap between different waveforms is defined as the area where the minimal distance between adjacent waveforms is less than a single pulselength. One drawback of this overlap is a reduced signal compared to successive focusing transmission. The transmitted signal for the overlapping elements is equal to the sum of the waveforms. The overlapping area will influence the maximal transmitted intensity and the other parts of the waveforms will be scaled down by a factor that equals to the number of foci so that the sum of the waveforms will not exceed the piezoelectric maximal element response. In addition, the overlapping area will contain high frequencies that cannot be transmitted by the transducer, and thus will not be transmitted.
The proposed SAMI method overcomes these problems through the superposition of waveforms such that there is no overlap between the various waveforms, and thus eliminating aliasing while assuring that the waveform can be transmitted by the transducer [ Fig. 1(d) ]. In this example, the deepest desired focal point is inserted first (marked in green) and is transmitted with all elements of the array. An intermediate focal point is then inserted (marked in blue). This waveform will not use the elements that overlap with the previous waveform. As the overlap is in the central elements, it will transmit with the outer transducer elements. The proximal focal point is then inserted (marked in red). Similarly, this waveform is transmitted with the outer elements, where it does not overlap with the previous waveforms. The transmission is the sum of these three waveforms. A constant maximal amplitude is used for all elements in all waveforms to maximize the transmitted energy.
As opposed to successively updating the transmission focus (which requires three separate transmissions), here the three focal points are generated in a single transmission. This transmitted signal is inserted into a regular two-way imaging routine, where it is steered by adding linear delays. Here, a phased array transducer is used to demonstrate the method, and in order to avoid asymmetry during the steering process the center of the transducer is set as the angle steering origin. This process can be repeated for more than three foci and the design can be optimized for the application and the imaging scene.
A geometrical approach was implemented to generate the focused waveforms. The geometrical focus delay equation is given by
where τ is the negatively signed delay time, z is the focal point depth, x is the lateral distance from the transducer origin (i.e., transducer center), and c is the sound velocity [see Fig. 1(a) ].
The element location at which the second waveform transmission begins is denoted by ±α/2 (0 ≤ α ≤ D), where D is the transmitting aperture width. For example, if a specific waveform uses 64 elements out of 128 total elements, then α = D/2, i.e., the two outer quarters of the transducer elements are transmitting. It is desirable to relate the minimal axial distance between the generated foci to the system parameters. In order to make sure that there will be no overlap between the waveforms, the minimum delay difference between two waveforms at x = ±α/2 is λN/c, where λ is the wavelength and N is the number of transmitted cycles. This delay difference can be written as
Substituting (1) into (2) yields
This can be rewritten as
While this equation can be solved numerically, using the Taylor approximation
, it can be simplified to an analytic form, which provides a useful tool
In order to demonstrate this, the following parameters were chosen (to fit what was later used in the experiments): λ = 0.345 mm, N = 1, z 1 = 100 mm, and D = 27.9 mm.
[The transducer parameters match the phased array sector transducer P6-3 (Philips, Bothell, WA, USA) used in the experiments.] For this example, it is assumed that 50% of the transducer elements are used to generate each additional focus, which means α = D/2. The waveform for depth z 1 is presented in Fig. 2(a) . The arched waveform is composed of two black and white lines, where the black is the negative half cycle of the pulse and the white is the positive half cycle of the pulse. The next focus is calculated using (5) to be at z 2 = 41.3 mm. The waveform combining foci at z 2 and z 1 is shown in Fig. 2(b) , where the waveform for z 2 is created with half of the elements. The third focus is calculated similar to be at z 3 = 26 mm and the combined waveform is shown in Fig. 2(c) . Finally, the fourth focus is calculated to be at z 4 = 19 mm and the combination shown in Fig. 2 
(d).
The process can be repeated, to yield z 5 = 14.9 mm and z 6 = 12.4 mm. The minimum delay distance λ was chosen such that the transmitted waveforms do not overlap. However, it is possible to optimize the signal further by transmitting half cycles in the remaining gaps. This is illustrated in Fig. 2(e) , where the waveforms corresponding to the focal depths z 2 , z 3 , and z 4 also transmit half cycles (i.e., N = 0.5). During the experimental section, two values of α are presented: α 1 which corresponds to the value of α that was used to send a single cycle and α 1/2 which corresponds to the α value that was used to send a half-cycle. Fig. 2 (f) presents the waveform that corresponds to the multiline transmission method. The center overlapping elements appear brighter due to a relative higher intensity. In addition, the high frequencies in the overlapping area are filtered by the transducer.
The design of the waveforms was performed using MATLAB (version 2017a, MathWorks, Natick, MA, USA), while the acoustical simulation was implemented with Field II software [34] . 
III. SIMULATION RESULTS
The two-way point spread function (PSF) is the product of the transmit and receive responses [35] . During transmit, the SAMI method waveform is transmitted, hence the deepest waveform uses the entire aperture (all the elements) and the other waveforms are transmitted with the outer elements. For receive, the entire aperture is used for all depths. The lateral resolution and the DOF are determined by the total aperture size [36] , [37] . Since the SAMI method uses the same total aperture width both on transmit and on receive, the lateral resolution and the DOF remain similar to that achieved using standard two-way focusing. However, the transmission of waveforms with only the outer elements yields a transmit PSF with elevated sidelobes compared to standard two-way focusing. Fig. 3(a) -(d) presents the two-way PSF at 20 mm using α = 0, D/3, D/2, and 2D/3, respectively, for transmit and full aperture for receive. The lateral and axial profiles (for x = 0 mm and z = 20 mm) are presented in Fig. 3 (e) and (f), respectively. The main lobe width that corresponds to the lateral resolution remains similar for all cases and equal to 0.25±0.02 mm. However, the sidelobe increases as the number of transmitting elements reduces, with peak to sidelobe ratio (PSLR) values of 25.6, 7.6, 6.4, and 6.2 for α = 0, D/3, D/2, and 2D/3, respectively. The axial profiles [ Fig. 3(f) ], which correspond to the DOF also remain similar for all α values, and equal to 1.40 ± 0.14 mm. When α increases and fewer elements are used for transmission, the intensity of the PSF is reduced. Fig. 3 (g) presents the relative focal peak intensity as a function of α/D for foci at z = 5, 10, 15, and 20 mm. At a shallow depth of 5 mm, the intensity reduces exponentially as a function of the transmitting elements size, since the directivity of the elements reduces the intensity that arrives to the focus from the outer elements. As the depth increases, the intensity reduction becomes linearly dependent to the number of transmitted elements. Fig. 3(h) presents the PSLR as a function of α/D, and it can be seen that the PSLR follows the intensity trend and decreases more steeply at closer distances.
The number of foci that can be generated increases as a function of α. This can be seen from (5), when α increases, the successive focal position z n+1 becomes closer to the previous focal position z n . The focal position z n+1 is illustrated as a function of the previous focus z n and α in Fig. 4 .
For α = D/2, it is possible to generate four foci between 15 and 100 mm (the red line in Fig. 4) . By increasing α to 2D/3, eight foci can be generated in the same depth range (the green line in Fig. 4) . Alternatively, by reducing α to D/3, two foci can be generated in this range (the blue line in Fig. 4) .
The DOF, which is the axial dimension surrounding an ideal focus where the magnitude is within 3 dB of the maximal value [38] also increases quadratically as a function of depth, according to
where F# is defined as z 0 /D and z 0 is the focus position.
Deeper foci have a larger DOF, which compensates for the larger axial spacing between foci in the SAMI method. The DOF for each focal position in Fig. 4 is presented as a horizontal black bar. At α = 2D/3, a waveform satisfying the −3 dB criterion in (6) reaches most axial locations, and an almost continuous DOF is achieved for the range from 15 to 100 mm. If α = D/2 is desirable, and continuous DOF is required, this can be achieved by transmitting a second set of foci that will cover gaps, and then splicing the two images together (similar to conventional successive focusing).
Alternatively, it is possible to achieve uniform coverage by changing the parameter α between waveforms so that the DOF of the waveforms will overlap.
In a practical scenario, the user defines the focal depths according to the sample that is imaged, similar to standard successive focusing. In this case, by determining z n and z n+1 , the parameter α can be calculated using
This value of α can be used for generating the combined transmitted signals. Let us consider the case where three foci located at 20, 40, and 60 mm are desired. The three single focus pressure fields corresponding to 20, 40, and 60 mm are presented in Fig. 5(a)-(c) , respectively. The acoustic pressure fields were simulated using Field II software [34] . The simulated transducer parameters match the phased array sector transducer P6-3 used in our experiments. The transducer elevation focus is located at a depth of 60 mm, thus the pressure of the focus at 60 mm is enhanced [ Fig. 5(c) ]. The SAMI's pressure field demonstrating the generated three foci [ Fig. 5(d) ] was simulated with the following α parameters: for the focus at 20 mm α 1 = 0.38D and α 1/2 = 0.27D, for the focus at 40 mm α 1 = 0.65D and α 1/2 = 0.46D, and for the focus at 60 mm all the elements transmit (α = 0). Fig. 5(e) shows the magnification of the SAMI's three foci area in Fig. 5(d) . Validation of the simulation was performed by measuring the emitted pressure field using a needle hydrophone (HNP-0400, Onda, Sunnyvale, CA, USA) [ Fig. 5(f) ].
IV. EXPERIMENTAL RESULTS
Imaging was performed using the Verasonics ultrasound system (Vantage 256, Verasonics Inc., Kirkland, WA, USA), with a phased array sector transducer P6-3. The array has 128 elements with a 0.22-mm pitch, elevation focus at 60 mm and imaging was performed at a center frequency of 4.46 MHz. The resolution experiments in the water tank were performed with 512 angles over a 45°field of view, resulting in an angular precision of 0.09°. The field of view was selected to fit the phantom's physical dimensions. The high angular precision was selected for fine sampling of the PSF [39] . All other experiments used 128 angles over the same field of view, resulting in an angular precision of 0.35°. Beamforming was implemented using the Verasonics software, with its build-in scripts in MATLAB. The experiments were performed in real time in a water tank, in a tissue mimicking phantom, and in an ex vivo cow liver.
A. Resolution Measurements
Each SAMI transmission is a combination of multiple waveforms. Therefore, the PSF should also be a combination of the multiple PSFs. For a specific depth, the focused PSF's contribution to the local wavefront is the greatest. Hence, the main lobe is similar to that resulting from a single focused pulse. However, the multifoci transmitted energy that is not focused contributes to the sidelobes. To validate this and estimate the SAMI method's PSF, a wire target experiment was conducted in a water tank. The target contained five 50-μm nylon wires that were evenly distributed at depths ranging from 20 to 60 mm, with 10-mm axial spacing.
The SAMI method was compared to SA using 128 acquisitions where in each acquisition single channel is active for transmission and 128 channels are active on receive. Since the SAMI method was developed to achieve maximal lateral resolution, SA transmission was performed using a single element in order to achieve the maximal possible lateral resolution. The SAMI method was also compared to twoway focusing with a single focus at different depths, and to successive focusing using multiple transmissions. Fig. 6(f) ], achieves a lateral resolution that is similar to that of the successive focusing image [ Fig. 6(e) ]. However, with the three combined foci, the contribution of the multifoci transmitted energy, which is not focused, increased sidelobes and creates an artifact at the deepest focus. However, the artifact is 40 dB below the main lobe; hence it does not degrade image quality substantially. Obviously, the unfocused PSFs at 30 and 50 mm are degraded. However, using the SAMI method additional waveforms can be added to the single transmission without a time penalty, and thus further improvement of the lateral resolution is possible. By combining five foci at 20 (α 1 = 0.46D and α 1/2 = 0.33D), 30 (α 1 = 0.65D and α 1/2 = 0.46D), 40 (α 1 = 0.84D and α 1/2 = 0.6D), 50 (α 1 > D and was not transmitted, and α 1/2 = 0.73D), and 60 mm using the SAMI method, high-resolution imaging is maintained for each wire target [ Fig. 6(g) ].
The PSFs from Fig. 6 for the various methods are presented in Fig. 7 as a line profile at the focal depth. The SAMI result with five foci [ Fig. 6(g) ] is compared to the SA method [ Fig. 6(a) ], and to the three single focus acquisitions [ Fig. 6(b)-(d) ]. In Fig. 7(a) , (c), and (e), the SAMI PSF with five foci has a similar main lobe width, compared to the corresponding single focus images (focused at 20, 40, and 60 mm). In Fig. 7(b) and (d) , the SAMI PSF main lobe is narrower than the other single focus images, as it is focused on all five wires simultaneously. The sidelobes of the SAMI PSF are reduced compared to the unfocused images, with a reduction of 8, 4, 6, 1, and 13 dB for Fig. 7(a) -(e), respectively. Compared to the focused transmissions, the SAMI PSF sidelobes are similar except in Fig. 7(c) , where the sidelobes are elevated by 6 dB, and reach a maximal value of −25 dB. The SA result has the lowest sidelobes compared to the other methods. However, from Fig. 6(a) , the background is noisier for SA due to its reduced signal. The lateral resolution of each wire in Fig. 6 was measured using the full-width at half-maximum (FWHM) [40] . The results are summarized in Table I in millimeter (the results of the focused wires are marked in bold). SA [ Fig. 6(a) ] achieves high lateral resolution across all depths. For the three single focus images [ Fig. 6(b)-(d) ], the spot's width is narrowest at the focal point. For successive focusing [ Fig. 6(e) ], and SAMI transmission with three foci [ Fig. 6(f) ], the FWHM of the three foci is similar to that of the individual focused two-way focusing transmissions. The FWHM of the two wires positioned at 30 and 50 mm is larger since they are out of focus. The FWHM of these two wires is improved in Fig. 6(g) , using the SAMI transmission with five foci. The axial resolution is governed by the transmitted pulse duration [41] , hence it was similar for all the wires in Fig. 6 and measured to be 0.31 ± 0.02 mm.
The wire target experiment was repeated in a commercial tissue-mimicking phantom (CIRS 040GSE, Norfolk, VA, USA), consisting of a Zerdine hydrogel polymer [42] , with attenuation of 0.5 dB/cm/MHz. The phantom contains wires and cysts with calibrated attenuation and spacing and homogenous specular reflectors in the background. Unlike the water background in Fig. 6 , these reflectors form speckle in the ultrasound image that obscures sidelobes that are apparent in Fig. 6 . This provides the opportunity to compare the methods in a more realistic scenario.
Similar to the water tank experiment, five wires spaced by 10 mm were imaged and the SA image is provided in Fig. 8(a) . Single focus images, focused at 20, 40, and 60 mm, respectively, are provided in Fig. 8(b)-(d) , and images resulting from successive focusing at 20, 40, and 60 mm in Fig. 8(e) . Images obtained with the SAMI method with three foci and five foci are provided in Fig. 8(f) and (g) , respectively. The lateral resolution for each wire in Fig. 8 was estimated by the FWHM and the results were similar to the values in Table I .
B. Contrast Measurements
The same phantom was used to measure the contrast and a set of three cyst mimicking targets were imaged at depths of 45, 70, and 100 mm. An illustration of the cyst phantom is presented in Fig. 9(a) . The green and blue squares mark the cysts and speckle positions, respectively. The SAMI method was compared to SA image, to two-way focusing, and to successive focusing. Fig. 9(b) presents the SA method. The unfocused cysts are not easily visualized with standard single focus imaging with focal points at 45 mm (F# = 1.6), 70 mm (F# = 2.5), and 100 mm (F# = 3.6), respectively [ Fig. 9 (c)-(e) ]. Successive focusing at 45, 70, and 100 mm enhances the visualization of the three cysts [ Fig. 9(f) ]. The SAMI method with three combined foci at 45 (α 1 = 0.67D and α 1/2 = 0.47D), 70 (α 1 = 0.91D and α 1/2 = 0.64D), and 100 mm, also enhances visualization of the cystic regions [ Fig. 9(g) ]. The uniformity and contrast of the speckle area between the first two cysts can be further improved by adding another focal point to this area, thus transmitting four foci at 45 (α 1 = 0.94D and α 1/2 = 0.66D), 55 (α 1 = 0.95D and α 1/2 = 0.67D), 70 (α 1 = 0.91D and α 1/2 = 0.64D), and 100 mm simultaneously [ Fig. 9(h) ], which achieves image quality similar to successive focusing.
For each of the cysts in Fig. 9 (b)-(h), the contrast and the contrast-to-noise ratio (CNR) were calculated [43] . The contrast is defined as the difference in brightness between the cyst and the surrounding region as
where μ i is the mean of a region inside the cyst and μ o is the mean of the background speckle region outside the cyst.
The CNR provides a metric for cyst detection compared to the surrounding background. It is defined by
where σ i is the standard deviation of a region inside the cyst and σ o is the standard deviation of the background speckle region outside the cyst [44] .
The contrast results are summarized in Table II , where the contrast in the cysts that are in focus are indicated in bold. In the three single focus images, the focused cysts have a higher contrast compared to the other two unfocused cysts. With the successive focusing approach, all three cysts have contrast values similar to the corresponding focused result for the individual single focus images. The average contrast of the three cysts in the SAMI method using four foci is −22.8 dB, which is higher than the average contrast in the three single focus images and higher than the SA method by 8.4 dB. The contrast in the SAMI method using four foci is lower than that in the successive focusing method by 0.8-6.8 dB. This is expected, since four foci are transmitted simultaneously, and the unfocused waveforms increase the background signal and thus lower the contrast. The CNR results are summarized in Table III , where the results for the cysts in the focal regions are indicated in bold.
The SA method yields lower CNR compared to the other methods. In the three single focus images, the cyst that is in focus has a larger CNR compared to the unfocused cysts. With the successive focusing approach, all three cysts have CNR values that are similar to the corresponding focused result in the individual single focus images. The average CNR value from the SAMI method using four foci is 0.7 dB lower than the successive focusing and 2.8 dB higher than the SA method. Thus, the detectability of the cysts is not significantly impaired compared to successive focusing.
The speckle resolution cell size, which corresponds to the lateral resolution at each cyst depth, was calculated using the speckle's autocorrelation FWHM value [45] . The results are summarized in Table IV , where the results for the focal regions are indicated in bold.
C. Ex Vivo Experiments
Further validation of the method was performed by imaging an ex vivo cow liver (Fig. 10) . Fig. 10 features detected in the ex vivo sample. In these images, the contrast and resolution are improved at the focal depth and degraded outside this region.
Images were also obtained with successive focusing to 20, 35, and 45 mm [ Fig. 10(d) ] and SAMI transmission [ Fig. 10(e) ] combining these three focal points at 20 (α 1 = 0.41D and α 1/2 = 0.29D), 35 (α 1 = 0.75D and α 1/2 = 0.53D), and 45 mm. The SAMI method yields a similar image quality. As expected, the lateral resolution for successive focusing and SAMI are similar and are superior to single focus imaging. Further, the SAMI frame rate is threefold higher than the successive focusing.
D. Safety of SAMI
The acoustic safety of an ultrasound sequence is typically regulated by the mechanical index (MI) and the thermal index (TI) [46] . The MI is related to the mechanical effects such as cavitation and the TI relates to undesired thermal heating effects in the human body.
These parameters were evaluated for the same configuration presented in Fig. 6 , with five foci located at 20, 30, 40, 50, and 60 mm. The SAMI method's safety parameters were compared to that of standard single focus at these multiple depths. The acoustic pressure was measured using a needle hydrophone (HNP-0400, Onda, Sunnyvale, CA, USA) with an active aperture of 0.4 mm. The hydrophone probe was mounted on a 3-D positioning system (Newport motion controller ESP 300, Newport 443 series). The pressure signals received by the hydrophone were first displayed on a digital oscilloscope (DPO4034, Tektronix, OR, USA), and further recorded and converted to pressure via post processing. The MI was calculated using
where p_ is the peak negative pressure and f c is the central frequency measured in megahertz.
Measurements were performed with a transmitted voltage of 20 Vpp [corresponds to a pressure of 1 MPa at the deepest foci (60 mm)], and the MI results are summarized in Table V . The MI for all tested methods was below 1.9 [47] . In addition, the SAMI MI was lower than the single focus at all depths. This is expected in SAMI as a fraction of the aperture is used for transmission and the peak intensity is lower.
The TI for soft tissue was calculated according to [48] TIS = W 01 f c 210 (11) where TIS is the TI for soft tissue and W 01 is the maximum value of the time-averaged acoustic output power emitted from the most active 1-cm length of the radiating aperture [46] . For scanned mode imaging, such as SAMI, the TI model assumes that the greatest temperature increase happens near the ultrasound source [49] , [50] . Hence this value is calculated near the transducer's surface. The TIS for SAMI with five foci and for single focus was measured using the same setup as the MI. The hydrophone was placed 5 mm from the transducer, and the full height of the transducer was scanned along a 1-cm line in the lateral direction. As the SAMI transmits the highest signal from the outer elements of the transducer, the 1-cm scan was performed in that area. In order to maximize the potential thermal effect, the transmitted voltage was set to 100 V pp . The TI was 0.036 for the single focus case and was 0.048 for the SAMI method. This increase of 33% is due to the longer signals that are being transmitted in SAMI. Nevertheless, the measured TI is well below the safety limit [47] .
V. DISCUSSION AND CONCLUSION
The SAMI method is a real-time method for achieving SAMI using a single transmission. The method relies on the superposition of axial multifoci waveforms in a single transmission while eliminating overlap between the multiple waveforms. The SAMI method is intended to facilitate the imaging of an extended depth of interest without compromising the frame rate while maximizing the lateral resolution, hence the entire aperture is used for both transmit and receive. The SAMI method should be particularly useful in ultrasound applications that require high spatial resolution of high-dynamic range targets over an extended depth.
Implementation of the method was achieved using an arbitrary waveform generator in a programmable ultrasound system, by programing a different transmission waveform for each of the transducer elements. The arbitrary waveform generator, combined with programmable ultrasound systems, provides a unique platform to engineer the transmission waveform for each element. A central advantage of such programmable systems is the simplicity of implementation of tailored excitations. This adds a degree of freedom in transducer's waveform design and opens the door for implementing more complex ultrasound patterns. Here, this feature was used to practically implement axial multifoci for the first time.
The method can be incorporated in a regular imaging routine, by changing the transmitted signal based on the designed pattern. Imaging and image reconstruction can be performed by the programmable ultrasound system in real time in a user-friendly manner.
To eliminate overlap in the axial multifoci waveform, only the deepest focus is transmitted with the entire aperture and the other foci are transmitted using only the outer aperture elements. As a result, the intensity and the PSLR of each of the foci are decreased compare to standard two-way focusing. The reduction in intensity and PSLR is dependent upon the fractional aperture distance α, which corresponds to the reduction in the number of transmitting elements. Improvement in the PSLR can be achieved using coherence receive beamforming, as in [51] . In order to maximize the emitted energy, apodization was not used during transmission. Adding an apodization window in order to reduce the transmit phase pattern is feasible. Although the SAMI method uses the outer elements for transmit, the entire aperture is used for receive. Since the two-way PSF is the product of the two apertures, the sidelobes or phase pattern are greatly reduced in the twoway PSF.
Since the method uses the outer elements to create the shallow depth foci, the intensity and PSLR of the foci that are closer than 10 mm is degraded while using the P6-3 phased array transducer. This is due to the limited directivity of the outer elements that cannot be steered to these shallow depths, and therefore, reduces exponentially the intensity that arrives to the nearest foci. To overcome this, it is possible to use a higher frequency transducer with smaller aperture size that is intended for shallow depth imaging.
The SAMI method performance was initially compared to SA. In order to achieve the maximal possible lateral resolution, 128 acquisitions were used where in each acquisition a single channel was active for transmission and 128 channels were active on receive. The SAMI method yields similar lateral resolution, with improved contrast and CNR. While an SA sequence with multiple elements active for each transmit will increase the contrast and the SNR, the lateral resolution will be reduced, and the SAMI method will inherently yield better resolution. Next, the SAMI performance was compared to two-way focusing using a single focus at various depths. The imaging time is similar for both methods. For the in-focus targets, the SAMI and the single focus methods yield similar lateral resolution and CNR, with a reduction of 4.5 dB on average in the contrast. However, the SAMI lateral resolution, contrast and CNR are significantly better for targets that are far from the single focus. Thus, the SAMI method is preferable for applications that require high lateral resolution over a large DOF. Last, the SAMI method was also compared to successive focusing at multiple depths with the full aperture used for transmitting all foci. This method yields the highest quality images in terms of lateral resolution, CNR, and contrast, while compromising the frame rate by a factor that is proportional to the number of foci. The SAMI method yields similar lateral resolution and CNR, with an average contrast reduction of 4.5 dB. Nevertheless, the SAMI frame rate is that of a single focus, regardless of the number of axial multifoci generated. Hence, it is increased by a factor equal to the number of foci compared to successive focusing.
It should be noted that if a uniform resolution is desired in successive focusing, the F# is kept constant for all foci. Since it is not possible to improve the resolution of the deeper foci, it lowers the resolution of the shallow foci by not using the entire aperture [52] , [53] . The SAMI method uses the outer parts of the aperture for each of the waveforms and thus it is not possible to reduce the aperture size in order to maintain a fixed F# and a fixed resolution.
To enhance the axial resolution and minimize post processing, single-cycle pulses were used in this paper. Therefore, the axial resolution for all the methods is comparable, since they all use single cycle transmission. Longer waveforms (that are required for example for pulsed wave Doppler or color flow) can also be considered; however, they will require a larger separation between waveforms, and yield larger α values. The safety of the SAMI method was also assessed and compared to standard single two-way focusing. With SAMI, the MI was decreased by 6%-53%. This is expected since SAMI uses only the outer elements to transmit, and thus the intensity at the foci is reduced. The TI increases by 33% compared to two-way focusing (a value of 0.036 with single two way focusing compared to 0.048 with SAMI). The increase in TI with SAMI is due to the longer signals that are transmitted at the outer edges of the transducer. The TI values comply with the safety regulations that require a TI value below 6.
In this paper, the demonstration of the SAMI method was done using a 1-D transducer array. While the SAMI method increases the DOF and thus improves the lateral resolution as a function of depth, the elevation focus of such arrays is fixed, and significantly larger than the lateral resolution. Implementation of the SAMI method using a 2-D matrix array is expected to enhance the performance of the method in the elevation axis. This is because 2-D arrays allow for acoustic beam steering in any given direction, and enable controllable 3-D beam formation.
In conclusion, we have presented a practical implementation of SAMI using a single acoustical transmission event, which yields high-resolution over a large region of interest. The method was evaluated using wire targets, cyst mimicking phantoms, and an ex vivo cow liver biological sample.
